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Abstract 
 
Monolayers of molybdenum and tungsten dichalcogenides are direct bandgap semiconductors, 
which makes them promising for opto-electronic applications. In particular, van der Waals 
heterostructures consisting of monolayers of MoS2 sandwiched between atomically thin 
hexagonal boron nitride (hBN) and graphene electrodes allows one to obtain  light emitting 
TXDQWXP ZHOOV /(4:¶V with low-temperature external quantum efficiency (EQE) of 1%. 
However, the EQE of MoS2 and MoSe2-based /(4:¶V shows behavior common for many other 
materials: it decreases fast from cryogenic conditions to room temperature, undermining their 
practical applications. Here we compare MoSe2 and WSe2 /(4:¶V. We show that the EQE of 
WSe2 devices grows with temperature, with  room temperature EQE reaching 5%,  which is 
250x more than the previous best performance of MoS2 and MoSe2 quantum wells in ambient 
conditions. We attribute such a different temperature dependences to the inverted sign of spin-
 2 
orbit splitting of conduction band states 
in tungsten and molybdenum 
dichalcogenides, which makes the 
lowest-energy exciton in WSe2 dark.  
 
 
Introduction 
   
  Recently molybdenum and tungsten 
dichalcogenides
1
 (referred below as 
MoX2 and WX2 (X= S,Se), 
respectively) have attracted 
considerable attention following the 
discovery of the indirect-to-direct 
bandgap transition
1-4
 and the coupling 
of the spin and valley degrees of 
freedom in atomically thin layers
5, 6
. 
Both in WX2 and MoX2 electrons and 
holes form strongly bound excitons
7-9
 
which are stable at room temperature
2-4, 
10, 11
. Such properties are very attractive 
for optoelectronic applications 
including photovoltaics
12-15
 and light 
emitting diodes
10, 16-23
 as well as optical 
micro-cavity devices
24, 25
 including 
lasers and exciton-polariton 
structures
26
.  Furthermore, a strong 
spin-orbit interaction in these 
compounds, has been predicted by 
density functional theory
27, 28
: in WX2 
(MoX2) the lowest energy states in the 
conduction band and the highest energy 
states in the valence band have the 
opposite (same) spin orientations, 
preventing (enabling) their 
recombination with emission of a 
photon (see Fig.1F). Thus, according to 
the theoretically predicted spin-state 
ordering, the lowest-energy excitonic 
sub-band in WX2 corresponds to dark 
 
Figure 1. (A) Schematic of the device architecture. 
(B) High resolution transmission electron 
microscopy image of a cross-sectional slice of a 
WSe2 LEQW on a DBR substrate. (C) Band 
alignment at high bias of a WSe2 LEQW. (D) 
Schematic representation of the band structure of 
WSe2. Red and blue arrows denote spin orientation. 
(E) Current density vs bias voltage Vb for the 
presented devices. (F) 50x magnification 
monochrome image of a WSe2 LEQW device with 
an applied bias of Vb 9DQGFXUUHQWRIȝ$WDNHQ
in ambient conditions with weak backlight 
illumination. Red false color: Au contacts to bottom 
graphene, Blue false color: Au contacts to top 
graphene (Central white region corresponds to strong 
electroluminescence) . See supplementary 
information for fabrication details. 
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excitons, separated from the bright exciton sub-band by the energy  combined from the electron 
spin-orbit splitting 'SO (of the order of 30-40 meV27-30) and electron-hole exchange interaction 
energy. As we show here, such band-structure properties of WX2 strongly impact on the LEQW 
performance, leading to a significant enhancement of the room temperature EQE of the WSe2 
LE4:¶s in the electroluminescence (EL) regime. This is in contrast to a more common behavior  
observed in MoX2 LE4:¶s10 where the EL intensity falls by up to 100 times when the 
temperature is varied from 6 to 300 K leading to significant reduction of the EQE. 
 
Experimental procedure 
 
The main component of our stacked-layer van der Waals heterostructure LEQWs is a light-
emitting monolayer of WSe2 encapsulated between thin (2-5 monolayers) hexagonal boron 
nitride (hBN) barriers with top and bottom transparent graphene electrodes for vertical current 
injection (Fig. 1). The layer stacks in the van der Waals structure were manufactured using 
PXOWLSOH µSHHOOLIW¶ SURFHGXUH31, 32 in ambient conditions. The high quality of the samples is 
confirmed by cross-sectional TEM measurements (Fig. 1B), which demonstrate micron scale 
absence of contamination between the layers occurring as a result of the self-cleansing effect
32, 33
 
(see supplementary information for AFM and dark field optical microscopy of different devices). 
We also fabricate similar LEQW structures comprising MoSe2 monolayers. Optical properties of 
the LEQW devices are studied using micro-photoluminescence ȝ3/ DW ORZ ELDV YROWDJHV
typically Vb<1.8 V (or micro-electroluminescence ȝ(/ measured at larger biases, typically 
Vb>1.8 V) with samples placed in a variable temperature cryostat (see Methods).  
By applying a bias voltage, Vb, between the two graphene electrodes we are able to pass a 
tunnel current through the device (Fig. 1E), with the magnitude of the current determined by the 
largest thickness of one of the hBN barriers. Fig.1E shows the current density (J) vs bias voltage 
(Vb) for four devices having different hBN barrier thicknesses. At high bias we are able to 
simultaneously inject electrons and holes into the transition metal dichalcogenide (TMDC) layer, 
Fig. 1C, which is observed as a strong increase of the tunnel conductivity. The lifetime of the 
injected FDUULHUVZLWKLQWKHDFWLYHUHJLRQRIWKHTXDQWXPZHOOLVH[SHFWHGWRYDU\DVĲן ș-N where 
șLVWKHSUREDELOLW\RIDQHOHFWURQWXQQHOLQJDVLQJOHOD\HURIK%1DQG1LVWKHQXPEHURI hBN 
atomic layers
34-36
 (denoted L below). If the lifetime is long enough then excitons can form within 
the TMDC and recombine radiatively (Fig.1F). For hBN thickness below 2 L a high proportion 
of current will be created by direct carrier tunneling through the whole heterostructure leading to 
a reduction of the current-to-light conversion efficiency.  For thicker barriers the lifetime of the 
carriers increases,  leading to improved light emission efficiency. However, in this case the 
maximum current density drops leading to dimmer LEQW¶V:HILQGWKDW-3 layers of hBN is 
an optimal compromise between overall brightness and efficiency (eNph/I) of our devices.  
 
Results 
 
 4 
Typical light-emission behavior of a WSe2 LEQW at T = 4.2 K is shown in Fig. 2. PL bias-
dependence is shown in Fig. 2B where at zero bias we measure a spectrum shown in Fig. 2E 
exhibiting several peaks. We use notation adopted in You et al
37
, and similarly observe neutral 
exciton X
0
 (1.725eV) and trion X
-
 (1.69 eV) peaks as well as a number of additional features, 
with the most pronounced peaks P1 (1.669 eV) and P2 (1.649 eV) and a band at photon energies 
below 1.64 eV denoted P3. We would like to stress that, although features P1-P3 are always 
present in all our samples, their relative intensity varies from device to device. We attribute the 
low energy peaks to excitons localized on defects in the TMDC: This is in agreement with 
theoretical prediction, that their intensity decays faster upon heating than the intensity of the 
trion line
38
 
For biases |Vb|>2V, we observe strong electroluminescence (EL). In Figs. 2A,C,D,F the peaks 
in EL can be easily traced to the peaks in PL spectra, as only insignificant energy shifts of ~3 
Figure 2.  Contour maps of the EL spectra from a 5+/- 1L hBN- WSe2-3L hBN
 
LED at T= 
4.2 K for negative (A) and positive (C) bias voltage. (B) PL contour map as a function of 
Vb, measured at an excitation power of 10 PW and excitation energy of 1.95 eV. Current 
density vs bias voltage for this device is shown in Fig. 1E (black curve) (E) PL spectrum at 
Vb=0V. (D), (F) Bias dependence of the EL for negative and positive polarities respectively 
(Low bias spectra are presented more clearly in the supplementary materials). 
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meV of the spectral features compared 
with PL occur in the whole range of biases. 
Figure. 2E shows that at low T with 
increasing |VB|, EL is first observed from 
the lowest energy peak P3, then from  P2, 
gradually achieving the maximum through 
the strong increase of P1 (for clarity we 
present the low bias behavior in the 
supplementary information). The high 
energy EL peaks X
0
 and X
-
 also grow with 
|VB|. Also, at low temperatures, their 
intensities are somewhat weaker than that 
of P1.  
It is evident from Fig. 2B that this device 
shows an asymmetric behavior for positive 
and negative biases, especially notable in 
EL (Figs. 2A,C,E,F) as well in the tunnel 
current (Fig. 1E, black curve). This is 
typical for the majority of van der Waals 
LEQWs, likely, due to the different 
thickness of the top and bottom hBN 
barriers. EL spectra from the symmetric 
WSe2 LEQW device are presented in the 
supplementary information and show 
similar EL and bias dependent tunnel 
current for positive and negative polarities 
at low temperature. 
Considering that the key for applications 
is the room temperature operation of the 
device, in Fig. 3 we show temperature 
dependence of the EL comparing two 
LEQWs, one with monolayer of MoSe2 
and the other with monolayer WSe2, with 
the same architecture.  The dependence of 
the tunnel current density on bias voltage 
for these two devices, Fig. 1E, shows both 
samples that the current density at a given 
bias voltage is of the same order of 
magnitude.  
 
Figure 3. (A) Electroluminescence spectra taken 
at different temperatures for a WSe2 QW with 2L 
hBN tunnel barriers measured with applied bias of 
Vb=2V (J-Vb is shown in Fig.1E with a blue 
curve). This sample demonstrates a 200 times 
increase of the EL output when the temperature is 
increased from T= 6 K to 300K. (B) 
Electroluminescence spectra recorded for Vb = 
1.8V for various temperatures for a MoSe2 LEQW 
(J-Vb is shown in Fig.1E with a magenta curve) 
having identical structure to the WSe2 device in 
(A). The device shows a typical decrease of light 
emission with increased temperature. (C) 
Temperature dependence of the integrated EL 
intensity for a WSe2 (blue) and MoSe2 (red) 
showing opposite trends with increasing T. The 
intensities are normalized by those measured for 
each device at T=6K. (D) Arrhenius plot of the EL 
yield with temperature for the WSe2 device shown 
in (A). Inset shows the high temperature region 
used for the linear fit. 
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The emission of the WSe2-based device becomes around 200 times brighter at 300K, as 
compared to T=6 K Fig. 3A. Qualitatively similar behavior has been observed in the previous PL 
studies on monolayers of WSe2:  typically a factor of ten
39, 40
 increase in the range from 6 K to 
300 K. Such PL variation has also been observed for the WSe2 device shown in Fig. 3A (see SI). 
We have checked that such unusual temperature dependence of PL and EL is reproduced in a 
multiplicity of WSe2 LEQW devices. Depending on a particular device, the integrated EL 
increase from T = 6 to 300 K is in the range from 4 to 200 times, and the increase of 200 times 
occurs in the samples with thin 2-3 L hBN barriers. In such devices the trion emission dominates 
both in PL and EL and X
0
 emission is not observed (Fig. 3A), leading to a simpler spectrum with 
one peak at 1.698 eV and a shoulder at 1.666 eV for T=6 K. Note that such samples also provide 
the brightest EL exceeding 1 million counts per second at room temperature (see Methods for 
details of the LEQW substrate leading to enhanced collection efficiency). 
In Fig. 3(B-D) we also carry out direct comparisons with a MoSe2 LEQW fabricated in an 
identical way to the WSe2 devices discussed above.  As shown in Fig. 3B,C, the brightest EL 
from MoSe2 devices is observed at low T, where a single EL peak is observed close to the 
spectral position of trion emission peak (see Supplementary Information for bias dependent PL 
characterization). As the temperature is increased, this peak significantly broadens, and the 
integrated EL intensity decreases by about 100 times, see Fig. 3C. This is similar to the earlier 
found ten-fold  decrease in the EL intensity of MoS2 LEQWs between 10 K and 300 K
10
.  
The strong increase of EL with temperature corresponds to a rise of the external quantum 
efficiency (EQE) in WSe2 LEQWs and follows an Arrhenius relation with an energy gap of 40 
meV (see Fig. 3D). This makes van der Waals heterostructures with embedded WSe2 monolayers 
highly promising material for ultra-thin flexible LEQWs. Figure.4 shows the EQE T-dependence 
for three WSe2 devices (data for additional devices are shown in the SI). Here the EQE is defined 
as EQE = eNph/I, where Nph is the number of photons emitted by the device, I is the current 
passing through the device and e is the electron charge. It is observed in Fig. 4A that the EQE 
shows the characteristic increase with temperature reaching 5% at T = 300 K, a factor 250 
improvement in the room temperature performance as compared to the best single-monolayer 
MoS2 LEQWs
10
.  
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 In addition to this, in Fig. 4C we observe 
a monotonically increasing EQE as a 
function of bias voltage and injection 
current density to a maximum measured 
value of j=10
3
 A/cm
2
. 
 
Fig. 4B shows the 
corresponding EL spectra obtained from 
Device 3 in Fig. 4A operated at room 
temperature at increasing injection current 
densities with a peak emission of more 
than 1.3 million counts per second. Indeed, 
a common drawback of commercial LED 
lighting is a suppression of the EQE (so-
FDOOHGµHIILFLHQF\GURRS¶DWKLgh injection 
currents caused by increased non-radiative 
processes
41, 42
. In contrast, the presented 
WSe2-based van der Waals heterostructure 
LEQWs become brighter at higher 
temperature, and their efficiency remains 
high and increases with current densities 
even at current densities as high as 1000 
A/cm
2
 as shown in Fig. 4C. 
We suggest that the mechanism of the 
unusual T-dependence of EL and PL in 
WSe2 LEQWs is related to the spin-orbit 
splitting of the spin states in the free 
carrier bands as illustrated in Fig. 1D, 
leading to the specific sequence of  bright 
and dark exciton states in these materials
27, 
28
. In the discussion below we will focus 
on the behavior of the neutral exciton 
which dominates in PL and EL at room T 
in the majority of our LEQWs. The dark 
and bright exciton states are split by ȴ = 
ȴSO + ȴe-h,   where 'SO|30-40 meV27-30 is 
the spin-orbit splitting of electrons in the 
conduction band (which has the opposite 
sign to that of MoX2) and ȴe-h|1.5 meV  is 
the interband (conduction-valence) exchange energy.  
At low temperature the exciton population accumulates in the low energy dark exciton sub-
band, which mostly decays via non-radiative escape. At the same time, at low T the bright 
 
Figure 4. (A) Temperature dependence of the 
quantum efficiency for three typical WSe2 
LED devices measured at bias voltages and 
injection currents of 2.8 V and j = 0.15 
$ȝP'HYLFH9DQGM $ȝP
'HYLFH9DQGM $ȝP'HYLFH
3). (B) Individual electroluminescence spectra 
plotted for four different injection current 
densities for Device 3. (C) The external 
quantum efficiency plotted against bias voltage 
and injection current density at T = 300 K for 
Device 3. The EQE monotonically increases 
HYHQXSWRFXUUHQWGHQVLWLHVRI$ȝPRU
1000 A/cm2. 
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exciton states are weakly populated as it is shifted to higher energy by ' with respect to the dark 
exciton, hence, the intensity of the X
0
 line is low. As the temperature increases, the thermal 
activation increases the bright exciton population.  This population will be mostly contained in 
the high-PRPHQWXPH[FLWRQµUHVHUYRLU¶, whereas  light emission occurs from exciton states with 
the negligible momentum (k|0). Excitons from the µreservoir¶ FDQ EH scattered into the light-
emitting states as a result of interaction with acoustic phonons and electrons, (the latter is 
particularly significant in the EL regime), or defects. 
   The fact that, at high T, the intensity of the X
0
 line increases both in PL and EL - is the 
manifestation of such thermal activation behavior.   Note that for several of the studied devices 
the Arrhenius fit to the exponential increase of the EL with increasing temperature yields the 
characteristic energy of ~40meV (inset to Fig.3D), which is quite close to the  theoretically 
predicted 'SO27.   
This is in contrast to MoSe2 LEQWs, where the dark exciton  is higher in energy than the 
bright exciton.  As a result, MoSe2 /(4:¶Valways show the opposite behavior with a notable 
decrease of light emission with increasing T. While it is expected that the emission efficiency 
would decrease due to the transfer of some exciton population into the dark exciton sub-band and 
also into the µUHVHUYRLU¶ states, such a strong decrease by a factor of 100 and more may only be 
possible if the non-radiative escape time shortens at elevated temperature, which appears to be a 
stronger effect in MoSe2 compared with WSe2. 
In conclusion, we have fabricated high-efficiency LEQWs made from van der Waals 
heterostructures comprising a single layer of WSe2 as the active light-emitting material, hBN 
tunnel barriers, and graphene electrodes for vertical current injection. Such WSe2-based LEQWs 
show  the enhanced performance at room temperature compared with the low-T operation. This 
enhancement is also in contrast to MoSe2 and MoS2 LEDs studied in this work and reported 
earlier, where both PL and EL decrease by a factor of 10 to 100 when the temperature is varied 
from 6 to 300 K. With room temperature external efficiencies of 5%, such LEDs present 
significant promise for future development of flexible opto-electronic components. The 
HIILFLHQF\FDQEHERRVWHGIXUWKHUE\FUHDWLQJµPXOWLSOHTXDQWXPZHOO¶GHYLFHV10 and by the fine 
tuning of the h-BN tunnel barrier thickness. One of the remaining challenges is scalable 
production of these components, only possible with well-controlled wafer-scale growth 
techniques
43, 44
.   
 
Materials and Methods  
 
LED fabrication: Firstly bulk hexagonal boron nitride hBN is mechanically cleaved and 
exfoliated onto a freshly cleaned Si/SiO2 substrate. After this a graphene flake is peeled from a 
PMMA membrane onto the hBN crystal followed by a thin hBN tunnel barrier then a hBN tunnel 
barrier on PMMA is used to lift a WSe2 or MoSe2 single layer from a second substrate then both 
of these crystals are together peeled off the PMMA onto the hBN/Gr/hBN stack forming 
hBN/Gr/hBN/WX2/hBN. Finally the top graphene electrode is peeled onto the stack thus 
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completing the LED structure (see supplementary information for fabrication details). After the 
stack is completed we follow standard micro fabrication procedures for adding electrical contacts 
to the top and bottom graphene electrodes. We also transferred some complete stacks onto highly 
reflective distributed Bragg reflector (DBR) substrates. From LEDs placed on such DBRs we are 
able to collect up to 30% of the emitted light opposed to just 2% from the Si/SiO2 substrate.  
Electrical and optical measurements: Samples were mounted either in a liquid helium flow 
cryostat for temperature dependent measurements, or in an exchange-gas cryostat for 
measurements at T= 4.2 K. Light emission from the samples was collected with a high numerical 
aperture lenses positioned either outside the flow cryostat or inside the exchange-gas cryostat. 
The photoluminescence (PL) and electroluminescence (EL) signals were measured using a 0.5m 
spectrometer and a nitrogen cooled charge coupled device (Princeton Instruments, Pylon CCD). 
Electrical injection is performed using a Keithley 2400 source-meter. PL was excited with 
FRQWLQXRXVZDYHODVHUVDWQPRUQPIRFXVHGLQDVSRWVL]HRIaWRȝPRQWKHVDPSOH
surface. The optical image taken in Figure 1F was captured using a Nikon DS-Qi2 monochrome 
camera with a quantum efficiency of 20% at 750 nm.  
Scanning transmission electron microscopy (STEM): STEM imaging was carried out using a 
Titan G2 probe-side aberration-corrected STEM operating at 200 kV and equipped with a high-
efficiency ChemiSTEM energy-dispersive X-ray detector. The convergence angle was 19 mrad 
and the third-RUGHUVSKHULFDODEHUUDWLRQZDVVHWWR]HURȝP7KHPXOWLOD\HUVWUXFWXUHVZHUH
oriented along the <hkl0> crystallographic direction by taking advantage of the Kikuchi bands of 
the silicon substrate. (See Supplementary information and ref.19 for more detailed description). 
ASSOCIATED CONTENT 
Supporting Information: Description of the device fabrication, Temperature dependent 
HOHFWUROXPLQHVFHQFH GDWD IRU DGGLWLRQDO :6H /('¶V ORZ WHPSHUDWXUH SKRWROXPLQHVFHQFH RI
0R6H /('¶s, details of our quantum efficiency estimations and further discussion. ³7KLV
material is available free of charge via the Internet at KWWS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Fabrication 
Quantum well heterostructure devices are assembled by a multiple peel-lift Van der Waals assembly 
procedure which has been described in detail previously  [1-3].  
In summary the devices are constructed as follows, firstly an hBN flake of thickness 5-35 nm is 
deposited onto a thermally oxidized silicon wafer (90 or 290 nm oxide thickness) to form an 
atomically flat substrate. A graphene flake is then peeled from a poly(methyl methacrylate) (PMMA) 
membrane onto the hBN substrate, followed by a thin hBN tunnel barrier of thickness 2-5 
monolayers (L). 
Another hBN tunnel barrier of thickness 2-5 L on a PMMA membrane is then used to lift (by Van der 
Waals forces) a single layer of transition metal dichalcogenide (TMDC) from a separate SiO2 
substrate. The hBN together with the single layer TMDC is then peeled onto the already constructed 
hBN-Gr-hBN structure to form the stack of hBN-Gr-hBN(2-5L)-TMDC(1L)-hBN(2-5L). Finally a 
graphene flake is then peeled from a membrane to complete the light-emitting quantum well 
(LEQW) device. Estimation of the hBN tunnel barrier thickness is conducted using a combination of 
optical and atomic force microscopy measurements.  
Electrical contacts are patterned using electron beam lithography followed by evaporation of Cr/Au 
(5nm/50nm) allowing for independent electrical contacts to both the top and bottom graphene 
electrodes.  
Devices were also fabricated onto distributed Bragg reflector (DBR) substrates which allow for the 
collection of 30% of the emitted light ĂŶĚ ůĞĂĚƐ ƚŽ ŵƵĐŚ ďƌŝŐŚƚĞƌ >Yt ?Ɛ. Details of the Bragg 
reflector substrates can be found in [4, 5]. ,ĞƚĞƌŽƐƚƌƵĐƚƵƌĞ>Yt ?Ɛ ŽŶZ ?ƐǁĞƌĞĨŝƌƐƚůǇĨĂďƌŝĐĂƚĞĚ
on a thermally oxidized Si wafer then the whole heterostructure stack was transferred by using the 
wet transfer method from the SiO2 substrate to the DBR mirror followed by e-beam lithography and 
metallization. This step was found to be necessary due to poor adhesion of flakes to the DBR mirrors 
preventing direct exfoliation onto the mirror surfaces. The DBR dielectric pairs were also found to 
delaminate when removing tape during mechanical exfoliation. 
All TMDC materials were sourced from either HQ-Graphene or 2Dsemiconductor.  
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1. Fabrication steps for the glowing device shown in Figure 1 of the main text 
 
Figure S1. A, hBN  crystal exfoliated onto an oxidized silicon wafer, dark field images are shown on the right; B,  a graphene 
flake is peeled from an PMMA membrane onto the large hBN crystal; C, the graphene flake is then covered with the first 
hBN tunnel barrier which is again peeled from a PMMA membrane. D, the quantum well is completed by using a second 
hBN tunnel barrier to lift a WSe2 flake from a separate Si-SiO2 substrate, the second tunnel barrier together with the WSe2 
layer are then peeled onto the hBN-Gr stack. E, Finally the top graphene electrode is then peeled completing the 
heterostructure stack (inset: shows a blown up image of the heterostructure region).  Scale bars  ? ?ʅŵ in A,   ? ?ʅŵ in B-E. 
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Figure S2.Top:  Optical micrograph of the of the completed device, the dark regions either side of 
the overlap region correspond to an etch mesa in PMMA used to remove excess graphene outside 
the overlap region. Bottom: image of the device under a bias of Vb = 2 V. The central overlap 
ƌĞŐŝŽŶƐŚŽǁƐƐƚƌŽŶŐĞůĞĐƚƌŽůƵŵŝŶĞƐĐĞŶĐĞ ? ?^ĐĂůĞďĂƌ ? ? ?ʅŵ ? 
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2. Atomic force microscopy showing self-cleaning mechanism  
 
 
 
 
 
 
 
 
 
 
Additional devices and data 
1. Temperature dependence of additional WSe2 > ?Ɛ 
 
 
 
 
 
 
 
 
 
 
Figure S4. A,B,C  Electroluminescence (EL) spectra taken at increasing temperatures for three 
additional WSe2 >Yt ?Ɛ devices, all of which show the characteristic increase of the 
electroluminescence output with increasing temperature. 
 
Figure S3. Left: Dark field optical micrograph of a completed quantum well stack with significant 
contamination introduced during the hBN/MoSe2 peel step. The bright lines correspond to the 
edges of the flakes while the white spots correspond to pockets of trapped contamination. Right: 
Atomic force microscopy reveals that the trapped contamination self-cleans into pockets leaving ~ 
ʅŵƐŝǌĞĚĂƚŽŵŝĐĂůůǇĨůĂƚƌĞŐŝŽŶƐ ?Inset: AFM step profile used to estimate the number of layers in 
one of the hBN tunnel barriers.  
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2. Temperature dependence of the Tunneling conductivity  
All our LEQW devices display only a weak dependence of the tunnel current on increasing 
temperature, at most the tunnel current increases by a factor of 2 times in some samples. Figure S5 
shows the typical temperature dependent behavior of one of our LEQW ?ƐƐŚŽǁŝŶŐĂ nominal ~ 1.3X 
increase in current as the temperature is increased from T = 6 K to T = 300 K.  
These small changes of conductivity at a fixed bias voltage are taken into account by normalizing the 
EL spectra at each temperature by the conductivity as follows, 
 ܫே௢௥௠ா௅ ሺܶሻ ൌ  ூಶಽሺ்ሻఙሺ்ୀ଺௄ሻఙሺ்ሻ . 
 
 
 
Figure S5. A, Typical I-Vb dependence for a LEQW  device , showing only weak dependence on 
temperature B, ratio of the tunnel conductivity at a given temperature to that of T = 6 K showing only 
a small increase from T = 6 K to T = 300 K taken at Vb = 2.8 V. 
7 
 
3. Low temperature PL / EL of WSe2 and MoSe2 >Yt ?Ɛ 
 
 
 
 
Figure S6. Photoluminescence (PL) and electroluminescence (EL) spectra measured at T= 6 K.  A,  contour map of 
PL  vs bias voltage for a WSe2 LEQW with the current density shown on the right y-axis and the data plotted in 
white. B,  PL spectrum at Vb = 0 V and C,  EL spectra for positive and negative biases .  D,E,F, same as in A,B,C but 
ĨŽƌĂƐǇŵŵĞƚƌŝĐ>Yt ?ƐǁŝƚŚ ?>ŚEƚƵŶŶĞůďĂƌƌŝĞƌƐ around the WSe2 layer. G,H,I, same as in A,B,C, but for a 
symmetric (2L hBN barriers) MoSe2 >Yt ?Ɛ.PL was measured using a 532nm laser at a power of 32 µW.  
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4. Low bias EL spectra for the device shown in Figure 2 of the main text.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Temperature dependence of the low energy peaks  
Here we consider in more detail the temperature 
dependence of the low energy peaks P1 and P2 in a typical 
WSe2 LEQW device. As the temperature increases from 20 to 
80 K, the EL intensity of the high energy peak X
0
  increases by 
a factor of 2 and the X
-
 peak grows by 1.5 times (see Fig. S8). 
At the same time the low energy peaks P1 and P2 start to 
decay, with P2 showing a sharp decay by a factor of 2. At 
higher temperatures these low energy peaks start to 
broaden, merge and it becomes hard to trace individual 
features. The observed redistribution of the EL intensity 
clearly shows thermal-activation type behavior where the 
occupation of the low energy states decreases, while the 
population of the high energy states grows with 
temperature. Note, that, eventually, at room T, the neutral 
exciton line dominates in PL and EL in the majority of LEQWs 
studied in this work (see also PL results on WSe2 monolayer 
films in Refs.[6, 7]). 
 
 
 
 
 
Figure S7. A, Electroluminescence contour maps for positive and negative bias voltage 
plotted in logarithmic scale to better show the onset of EL. B,C Electroluminescence 
spectra in the low bias regime for positive and negative bias. 
 
Figure S8. Comparison of the 
photoluminescence intensity for 
MoSe2 and WSe2 devices shown in 
Figure 3D. 
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6. Temperature dependence of the photoluminescence for MoSe2 and WSe2 
 
Figure S9 shows the temperature dependence of 
the photoluminescence integrated intensity for 
the MoSe2 (red) and WSe2 (blue) devices shown in 
figure 3D of the main text.  
The PL yield of the MoSe2 device drops off by a 
similar amount to the EL in this device. However 
for the WSe2 device the PL intensity only grows by 
roughly 10x as compared to 200x increase of the 
EL in this structure.  
 
 
 
4. Collection efficiency  
The quantum efficiency is defined as the number of photons emitted per number of injected 
carriers,  Ne/i (N = number of emitted photons per second, e electron charge, I is the current passing 
through our collection area).  In order to estimate the number of emitted photons we need to 
estimate our collection efficiency. The total loss is defined as,  
 ɻсɻLensɻopticɻsystem. 
ɻoptic is the loss of all the optical components in the optical circuit. It was measured directly using a 
 ? ? ? ?ĞsůĂƐĞƌĂŶĚĂƉŽǁĞƌŵĞƚĞƌƚŽĚĞƚĞƌŵŝŶĞƚŚĞůŽƐƐĂƚĞĂĐŚĐŽŵƉŽŶĞŶƚ ?tĞĨŝŶĚɻoptic = 0.18. 
ɻsystem  - converts the number of photons arriving at the incoming slit of the detector into the 
detector counts. It takes into account the loss of photons which pass through the slit, grating and 
onto the CCD and has been again measured directly by using the 1.96 eV laser and taking spectra of 
the laser for different powers in order to get a counts vs incident photons. For our system we get 
4203 integrated cts/sec per 1 pW. Taking into account that 1 pW of power corresponds to 
EсW ?Śʆс ? ? ? ? ? ? ?ƉŚŽƚŽŶƐ ? we arrive at a conversion coefficient between the number of integrated 
counts and the number of photons incident on the slit of the spectrometer per second  leading to 
the system efficiency of  ɻsystem=4203/3177476 =1.32 x 10-3.  
ɻLens is the efficiency of the lens collection[8]. We use a 50x objective with a numerical aperture, NA 
с ? ? ? ? ?> ?ƐĂƌĞĨĂďƌŝĐĂƚĞĚŽŶĞŝƚŚĞƌƚǁŽƐƵďƐƚƌĂƚĞƐ ?ĨŝƌƐƚůǇ ^ŝ-SiO2(290nm) with refractive index of 
Si(n=3.734) and SiO2(n=1.645) or distributed Bragg reflectors which consist of 10 alternating quarter 
wave pairs (187.5nm) of SiO2(n=1.46) and NbO2(n=2.122)(see [4, 5]). 
 
Figure S9. Comparison of the photoluminescence 
intensity for MoSe2 and WSe2 devices shown in 
Figure 3D. 
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Numerical simulations allow us to make an improved estimate of the collected light emitted from a 
dipole on each substrate type. 
Our NA = 0.55 . This gives a collection angle of  
33.4 degrees. 
So for a WSe2 flake on SiO2 we find that  ߟ௅௘௡௦ ൌ  ௌܲ௜ைଶሺ ? ?Ǥ ?ሻௌܲ௜ைଶሺ ? ? ?ሻ ൌ  ?Ǥ ? ? 
While for WSe2 emitting on a DBR we find, ߟ௅௘௡௦ ൌ  ஽ܲ஻ோሺ ? ?Ǥ ?ሻ஽ܲ஻ோሺ ? ? ?ሻ ൌ  ? ?Ǥ ? ? 
 
This gives us two loss factors depending on 
the substrate the LED was fabricated onto.  
 ߟௌ௜ைଶ  ൌ  ?Ǥ ? ? ൈ  ?Ǥ ? ? ൈ  ? ?ିଷ ൈ  ?Ǥ ? ? ?ൌ  ?Ǥ ? ? ൈ  ? ?ି଺ ߟ஽஻ோ  ൌ  ?Ǥ ? ? ൈ  ?Ǥ ? ? ൈ  ? ?ିଷ ൈ  ?Ǥ ? ?ൌ  ?Ǥ ? ? ൈ  ? ?ିହ 
 
Cross sectional imaging 
Further details of cross sectional imaging of heterostructures produced from 2D materials can be 
found in [1, 9] . 
  
1. Sample preparation 
 
In summary a dual beam instrument (FEI Dual Beam Nova 600i) has been used for site specific 
preparation of cross sectional samples suitable for TEM analysis using the lift-out approach 
[Schaffer, M. et al. Sample preparation for atomic-resolution STEM at low voltages by FIB [10]]. This 
instrument combines a focused ion beam (FIB) and a scanning electron microscope (SEM) column 
into the same chamber and is also fitted with a gas-injection system to allow local material 
deposition and material-specific preferential milling to be performed by introducing reactive gases in 
the vicinity of the electron or ion probe. The electron column delivers the imaging abilities of the 
SEM and is at the same time less destructive than FIB imaging. For heterostructures fabricated on 
insulating substrates ? ƐƵĐŚ ĂƐZ ?Ɛ, a thin layer of Au was initially deposited to prevent charging 
when SEM imaging. SEM imaging of the device prior to milling allows one to identify an area suitable 
for side view imaging. After sputtering of a 10 nm carbon coating and then a 50 nm Au-Pd coating on 
 
Figure S10. Total power emitted within a polar angle for 
an emitting dipole placed on Si-SiO2 and on a distributed 
Bragg reflector (DBR) as well as in free space. 
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the whole surface ex-situ, the Au/Cr contacts on graphene were still visible as raised regions in the 
secondary electron image. These were used to correctly position and deposit a Pt strap layer on the 
surface at a chosen location, increasing the metallic layer above the device to ~2 ʅŵ ?The Pt 
deposition was initially done with the electron beam at 5kV e
-
 and 1nA up to about 0.5Pm in order 
to reduce beam damage and subsequently with the ion beam at 30kV Ga
+
 and 100pA to build up the 
final 2Pm thick deposition. The strap protects the region of interest during milling as well as 
providing mechanical stability to the cross sectional slice after its removal. Trenches were milled 
around the strap by using a 30 kV Ga
+
 beam with a current of 1-6nA, which resulted in a slice of 
about 1Pm thick. Before removing the final edge supporting the milled slice and milling beneath it to 
free from the substrate, one end of the Pt strap slice was welded to a nano-manipulator needle 
ƵƐŝŶŐĨƵƌƚŚĞƌWƚĚĞƉŽƐŝƚŝŽŶ ?dŚĞĐƌŽƐƐƐĞĐƚŝŽŶĂůƐůŝĐĞǁŝƚŚƚǇƉŝĐĂůĚŝŵĞŶƐŝŽŶƐŽĨ ?ʅŵǆ ?ʅŵǆ ? ?ʅŵ
could then be extracted and transferred to an Omniprobe copper half grid as required for TEM. The 
slice was then welded onto the grid using Pt deposition so that it could be safely separated from the 
nanomanipulator by FIB milling. The lamella was further thinned to almost electron beam 
transparency using a 30kV Ga
+
 beam and 0.1-1nA.  A final gentle polish with Ga+ ions (at 5kV and 
50pA) was used to remove side damage and reduce the specimen thickness to 20-70nm. The fact 
that the cross sectional slice was precisely extracted from the chosen spot was confirmed for all 
devices by comparing the positions of identifiable features such as Au contacts and /or hydrocarbon 
bubbles, which are visible both in the SEM images of the original device and within TEM images of 
the prepared cross section. 
 
2. Scanning transmission electron microscope imaging and energy dispersive x-ray spectroscopy 
analysis 
 
High resolution scanning transmission electron microscope (STEM) imaging was performed using a 
probe side aberration-corrected FEI Titan G2 80-200 kV with an X-FEG electron source operated at 
200kV. High angle annular dark field (HAADF) and bright field (BF) STEM imaging was performed 
using a probe convergence angle of 26 mrad, a HAADF inner angle of 52 mrad and a probe current of 
~200 pA. Energy dispersive x-ray (EDX) spectrum imaging was performed in the Titan using a Super-X 
four silicon drift EDX detector system with a total collection solid angle of 0.7 srad. The multilayer 
structures were oriented along an <hkl0> crystallographic direction by taking advantage of the 
Kukuchi bands of the Si substrate. 
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